The focus of this study is the potential geochemical hazard in the soil system affected by historical zinc processing in Jaworzno, southern Poland. Total Zn, Pb, and Cd concentrations for soil samples determined by inductively coupled plasma optical emission spectrometry are reported. The modified three-step BCR sequential extraction procedure for analysis of the soil was successfully applied to obtain critical information on the heavy metal bioavailability and toxic impact on the natural environment. Exchangeable-, reducible-, oxidizable-, and residual fractions obtained using the sequential extraction procedure were separated and the heavy metal contents in each fraction were determined using inductively coupled plasma optical emission spectrometry. The results of the partitioning study provide information on the mobility of heavy metals in the soil profiles. Most of the Zn in the topsoil is related to the exchangeable-, reducible-and organic/oxidizable phases. The Zn fractionation in the whole soil profiles looks slightly different, with depletion of exchangeable-and reducible phases and enrichment of residual-and organic fractions. The greatest amount of Pb is associated with the reducible fraction. Cadmium is mainly found in the exchangeable-and reducible fraction. The spectrometry techniques applied are helpful in metal-level assessment and useful for evaluating the fate of contaminants and their bioavailability in soil systems. They show that 40 years since Zn processing ceased, the total concentrations of Zn, Pb, and Cd in the investigated soils are extremely high. Due to the high proportions of the metals in the easily soluble fraction, it is evident that the Jaworzno area has been strongly affected by the historical zinc industry and that the topsoil is heavily contaminated or even toxic.
Introduction
The focus of this study is the potential geochemical hazard in the soil system affected by historical zinc processing in Jaworzno, southern Poland. In 1865, a Zn smelter founded in the Jaworzno area in 1822 was replaced by another plant producing white zinc (ZnO). This was finally closed in 1976 as obsolete technology was harming the environment [1] . The raw material used for the production of zinc was non-sulfide ore from local mines [2] . The ore consists of zinc carbonates -smithsonite and/or monheimite, goethite (FeO(OH)), hemimorphite Zn 4 (Si 2 O 7 )(OH) 2 ·H 2 O, galena PbS, dolomite, calcite, and clay minerals. The old reclaimed waste heap, which is a relic of abandoned Zn processing, is nowadays situated in the immediate vicinity of a residential district and community gardens (Fig. 1 ). * corresponding author; e-mail: leslaw.teper@us.edu.pl Fig. 1 . Location of the study area and sampling sites in Jaworzno.
Material and methods
The research was conducted on 4 forest-soil profiles of the podzol located in the industrial-and anthropogenically-altered city space of Jaworzno in the NE part of the Upper Silesia, southern Poland (Fig. 1) .
The soil profiles developed on Pleistocene fluvio-glacial sediments, mainly sand and clay. Each soil profile was divided into separate horizons which were sampled, giving a total of 22 samples in all. Total Zn, Pb, and Cd concentrations were measured using inductively coupled plasma optical emission spectrometer ICP-OES Optima 7300 Dual View Perkin Elmer (Fig. 2) . Each soil analysis was replicated twice. The modified threestep BCR sequential extraction procedure (SEP) [3] was used to obtain basic information about chemical fractionation of trace elements in the tested soil samples. The operationally-defined fractions were as follows: acid-extractable/exchangeable, reducible, oxidizable and residual. The determination of element concentrations within the individual leachates of the SEP was carried out identically using the ICP-OES under standard analytical conditions.
Results
The Jaworzno soil samples contain 9.53-2307.52 of Zn, 3.07-531.09 of Pb and 0.16-17.62 of Cd [mg/kg in dry matter], with geometrical means of 91.76, 38.45 and 1.31, respectively. The highest combined Zn, Pb, and Cd values characterize the topsoil (Fig. 3) . They decrease with depth. Downward trends of heavy-metal mobilization and translocation are known from other industrial regions. The total contents of Zn, Pb, and Cd in the soils, exceeding by 2-3 times the values of the background for southern Poland, reveal a moderate level of contamination [4, 5] . The Zn-, Pb-, and Cd contents exceed by 8-, 11-, and 28 times, respectively, median values for European soils [6] . However, compared to other long-lasting Zn-Pb mining-and smelting sites in Poland [7] [8] [9] [10] [11] and worldwide [12] [13] [14] , the heavy-metal contents in the Jaworzno topsoil are lower by a factor of 2 at least. The results of the partitioning study provide information on the mobility of heavy metals in the soil profiles (Fig. 4) . Most of the Zn in the topsoil (Fig. 4d) is related to the exchangeable (49.8%), reducible (20.2%) and organic/oxidizable (18.4%) phases. The Zn fractionation in the whole soil profiles looks slightly different (Fig. 4a) , with depletion of exchangeable (42.2%) and reducible (15.9%) phases and enrichment of residual (21.7%) and organic (20.1%) fractions. The greatest amount of Pb is associated with the reducible fraction, accounting for about 44.5% in the topsoil (Fig. 4e) and 43.5% in whole profiles (Fig. 4b) . Cadmium is mainly found in the exchangeable fraction (53% and 55.6% in the topsoil - Fig. 4f and whole profile -Fig. 4c , respectively) and in the reducible fraction (31.1% - Fig. 4f and 22 .9% - Fig. 4c ). Total metal contents (ICP-OES) and the summation of all fractions of the sequential extraction (modified BCR SEP) are strongly correlated (Fig. 5) . The results suggest that the mobility and bioavailability of Zn, Pb and Cd in the topsoil decline in the order Cd >Zn >Pb. It is also evident that the participation of the residual fraction generally increases with depth. Moreover, the proportion of contaminants in the "labile" BCR SEP fractions, and subsequent vertical mobility, is generally higher for forest-than for agricultural soil, which is consistent with what has been observed in previous studies [11, 15] .
Conclusion
The spectrometry techniques applied are helpful in metal-level assessment and useful for evaluating the fate of contaminants and their bioavailability in soil systems. They show that 40 years after Zn processing ceased, the total concentrations of Zn, Pb and Cd in the Jaworzno soils are extremely high, being ca. 8 to 28 times greater than in European topsoils [6] and twice greater than the geochemical background for the extremely anthropogenically-altered soils of southern Poland [5] . Due to the high proportions of the metals in the very soluble fraction, it is evident that the Jaworzno area has been strongly affected by the past zinc industry and that the topsoil is heavily contaminated or even toxic.
